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Open access under CC BY li‘‘Hairy’’ bacterial cellulose coated sisal ﬁbres were created using a simple slurry dipping process. Neat
sisal ﬁbres were coated with BC to create (i) a dense BC coating around the ﬁbres or (ii) ‘‘hairy’’ ﬁbres with
BC oriented perpendicular to the ﬁbre surface. These ﬁbres were used to produce hierarchical sisal ﬁbre
reinforced BC polylactide (PLLA) nanocomposites. The speciﬁc surface area of the BC coated ﬁbres
increased when compared to neat sisal. Single ﬁbre tensile tests revealed no signiﬁcant difference in
the tensile modulus and tensile strength of ‘‘hairy ﬁbres’’. However, when sisal ﬁbres were coated with
a dense BC layer, the mechanical ﬁbre properties decreased. The tensile, ﬂexural and visco-elastic prop-
erties of the hierarchical PLLA nanocomposites reinforced by both types of BC coated sisal ﬁbres showed
signiﬁcant improvements over neat PLLA.
 2012 Elsevier Ltd. Open access under CC BY license.1. Introduction
There is growing demand nowadays for renewable products,
sustainable technology and materials. Combining these demands
with the ever growing problem of global waste, rising oil prices,
exhaustion of landﬁll sites [1] and environmental legislative pres-
sures [2] has led to signiﬁcant research effort being spent in utilising
renewable sources in the polymer industry. Polymermanufacturers
are forced to evaluate the life cycle and environmental impact of
their products throughout their products’ lifetime. Research interest
in utilising natural ﬁbres as reinforcement for polymers is re-emerg-
ing in the ﬁeld of engineering [3]. Natural ﬁbres have the advantages
such as high speciﬁc strength and modulus, biodegradability and
renewability compared to glass ﬁbres [4]. As a result, numerous
automotive companies, such as Mercedes-Benz, BMW, Audi and
Daimler are replacing some glass ﬁbre based composites with
natural ﬁbre reinforced polymers [5].
However, natural ﬁbres do come with some major drawbacks
when used as ﬁbre reinforcement in composite materials. One of
the major issues associated with natural ﬁbres is their inherent
variability in dimensions and mechanical properties, even when
extracted from the same cultivation. The presence of defects on
natural ﬁbres could also lead to stress concentration in the com-
posites when used as reinforcement. These defect induced stress
concentrations are thought to act as initiation sites for potential
cracks and ﬁbre–matrix de-bonding [6]. Another important factor
that limits the use of natural ﬁbres in composites is their low; fax: +44 (0) 20 7594 5638.
arck).
cense.thermal stability. Wielage et al. [7] have shown that the tensile
properties of natural ﬁbres can decrease by as much as 60% when
the ﬁbres are processed for 60 min at 220 C. Natural ﬁbres are also
inherently hydrophilic in nature due to the presence of large
amounts of hydroxyl groups [8]. This is a major drawback for their
utilisation in composite materials, often resulting in poor compat-
ibility between hydrophobic polymer matrices, such as polypro-
pylene or polylactide [9]. Numerous attempts have been made to
improve the compatibility between hydrophilic natural ﬁbres and
hydrophobic polymer matrices [10]. These include silylation, acet-
ylation, benzoylation, the use of maleated coupling agents, isocya-
nate treatment and polymer grafting of natural ﬁbres. Even though
the surfaces of natural ﬁbres have been rendered more hydropho-
bic through these chemical treatments, large amounts of hazard-
ous chemicals are involved and the chemical waste must be
handled and disposed of appropriately. Moreover, chemical treat-
ments of natural ﬁbres do not always translate into composites
with improved mechanical performance [11–15]. A possible reason
is the anisotropicity of natural ﬁbres. To date, the anisotropicity of
natural ﬁbres have been commented on but received little atten-
tion [16]. One reason is the great challenge of characterising the
transverse properties of natural ﬁbres. Studies on the transverse
properties of natural ﬁbres have shown that the transverse moduli
of natural ﬁbres are an order of magnitude lower than their axial
moduli; jute (axial: 38.4 GPa, transverse: 5.5 GPa) [17], ﬂax (axial:
59 GPa, transverse: 8 GPa) [18] and sisal (axial: 11.5 GPa,
transverse: 1.4 GPa) [19]. Thomason [20] attributed the disap-
pointment of natural ﬁbres to deliver good mechanical composite
performance compared to glass ﬁbre-reinforced composites to
the linear thermal coefﬁcient of expansion (LTCE) of natural ﬁbres.
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ture and cooled to room temperature. The cooling process results
in residual compressive stresses in the reinforcing ﬁbres, as the
LTCE of the polymer is often greater than of the ﬁbre. Different
types of reinforcing ﬁbres however, do have different LTCE. The
LTCE of glass ﬁbres is approximately 15 times smaller than jute
ﬁbres [20]. As a result, the residual compressive stress on the rein-
forcing ﬁbres is smaller for jute ﬁbres compared to glass ﬁbres, as
jute ﬁbres shrink more than glass ﬁbres. This contributes to a poor
interface between ﬁbres and matrix and, therefore, reduced overall
mechanical performance of the composites.
In this study, the aim is to address the challenge of poor
interfacial adhesion of sisal ﬁbres to thermoplastics by attaching
nano-sized cellulose onto the ﬁbre surfaces to produce natural
ﬁbre reinforced composites with improved properties. Bacterial
cellulose (BC) is pure highly crystalline cellulose, with a degree
of crystallinity of up to 90% [21]. This highly crystalline structure
of BC results in a high Young’s modulus, reported to be 114 GPa
[22], with a theoretical Young’s modulus of up to 145 GPa depend-
ing on the crystal structure [23]. BC also possesses a LTCE of only
0.1  106 K1 [24]. Nature maximises efﬁciency by deﬁning mul-
tiple scales of length in a material; i.e. hierarchical structures. By
creating a hierarchical structure in composites, it is possible to
inﬂuence one of the most important elements in a composite struc-
ture, through improved mechanical interlocking and stiffening of
the matrix around the ﬁbre–matrix interface [25]. A recent review
on various efforts to hierarchical structures can be found in litera-
ture [2]. Coating BC onto sisal ﬁbres could be a potential solution to
the aforementioned shrinkage of natural ﬁbres during thermal pro-
cessing of the composites. BC, with its low LTCE could potentially
bridge the gap between the ﬁbres and the matrix. It has been
shown previously that it is possible to attach BC onto sisal ﬁbres
by culturing cellulose-producing bacteria with natural ﬁbres in a
bioreactor [9]. Incorporation of these BC coated ﬁbres into a matrix
resulted in improvements in the ﬁbre–matrix interface and the
mechanical properties of unidirectional composites [26,27]. How-
ever, studies on BC coated short sisal ﬁbre reinforced composites
did not show improvements in the tensile and ﬂexural properties
of the composites [28]. In this work, a simple method to coat sisal
ﬁbres with nano-sized BC without the need of bioreactors is dis-
cussed. The mechanical performance of randomly oriented BC
coated short ﬁbre hierarchical composites, with and without BC
dispersed throughout the matrix is also investigated. The thermal
and the visco-elastic behaviour of the hierarchical composites is
presented. This novel method of modifying the ﬁbre–matrix inter-
face provides a simple means to produce natural ﬁbre reinforced
composites with improved properties.2. Experimental
2.1. Materials
Poly(L-lactic acid) (PLLA) was purchased from Biomer GmbH
(L9000, MWP 150 kDa, D-content  1.5%) and was used as the
matrix for the production of hierarchical composites. 1,4-Dioxane
(Sigma–Aldrich, ACS Reagent, P99% purity) was used as the
solvent for PLLA. Sodium hydroxide (purum grade, pellets) was
purchased from Acros Organics. Loose sisal ﬁbres were kindly sup-
plied by Wigglesworth & Co. Ltd. (London, UK). These ﬁbres were
grown in East Africa. The harvested crop was left in the ﬁeld for
approximately 3–4 weeks for dew retting in order to allow the
combined action of temperature, humidity and bacteria to loosen
the ﬁbres. After this retting process, the ﬁbres were processed with
a rudimentary tool where the ﬁbres were pulled out by hand,
washed with water and sun-dried for one day. BC was extractedfrom commercially available nata-de-coco (CHAOKOH coconut gel
in syrup, Ampol Food Processing Ltd., Nakorn Pathom, Thailand).
The extraction and puriﬁcation was conducted as previously de-
scribed [29]. Brieﬂy, the sugar was removed by washing the coco-
nut gel with water and blended/homogenised in order to create a
dispersion of BC nanoﬁbres in water. This dispersion was then
puriﬁed using 0.1 M NaOH and washed back to neutral pH prior
to the utilisation of BC.
2.2. Coating sisal ﬁbres with nano-sized BC nanoﬁbres
A dispersion of 0.1 wt% BC was prepared by homogenising 0.3 g
of freeze-dried BC (weight is given as the dry basis) in 300 mL of
de-ionsed water, to which, 0.5 g of sisal ﬁbres were added and left
for 3 days at room temperature. The ﬁbres were then removed
from the aqueous dispersion of BC and dried in two different ways
to create either (i) a dense (collapsed) BC coating or (ii) ‘‘hairy ﬁ-
bres’’, with a layer of BC coating oriented perpendicular away from
the ﬁbre surface. To create a dense layer BC coating on the ﬁbres,
the wet ﬁbres were dried under vacuum at 80 C overnight. ‘‘Hairy
ﬁbres’’ were created by pressing the wet ﬁbres between two ﬁlter
papers (qualitative ﬁlter paper 413, 125 mm in diameter, particle
retention of 5–13 lm, VWR, UK) under a weight of 3 kg for 10 s
to partially dry them. The partially dried ‘‘hairy sisal ﬁbres’’ were
then dried in an air oven held at 40 C. The sisal ﬁbres coated with
a dense layer of BC are referred to as densely coated neat sisal
(DCNS) ﬁbres and the ‘‘hairy ﬁbres’’ as ‘‘hairy neat sisal ﬁbres’’
(HNSF).
2.3. Preparation of hierarchical short ﬁbre composites
Two different types of hierarchical composites were prepared;
(i) BC coated sisal ﬁbre reinforced PLLA and (ii) BC coated sisal ﬁbre
reinforced PLLA–BC nanocomposites (see Fig. 1 for a schematic dia-
gram). The former composites contained BC on the surface of sisal
ﬁbres only and the latter composites contained BC both on the ﬁ-
bre surfaces and dispersed within the PLLA matrix. For hierarchical
composites (i), 2.4 g of (BC coated) ﬁbres, cut to approximately
10 mm in length, were added into 200 mL of 1,4-dioxane. 9.6 g of
PLLA pellets were added into this mixture and left to dissolve over-
night at 60 C under magnetic stirring to eventually create 20 wt%
ﬁbre content PLLA ‘‘pre-preg’’. The resulting mixture was then
poured into a Petri dish and dried under vacuum (Edwards Modu-
lyo freeze dryer, UK) at room temperature to remove any remain-
ing solvent. This process leads to sisal ﬁbres–PLLA ‘‘pre-pregs’’. The
solvent was captured by a cold trap and was re-used in the poly-
mer dissolution process. Hierarchical composites with BC dis-
persed in the PLLA matrix were prepared by immersing 1.8 g of
(BC coated) ﬁbres in 200 mL of 1,4-dioxane, to which, 9.6 g of PLLA
pellets were added. This mixture was left to dissolve overnight at
60 C under magnetic stirring. 0.6 g of freeze-dried BC was added
into 150 mL of 1,4 dioxane in a separate beaker and homogenised
at 20,000 rpm for 2 min. This BC dispersion was then added into
the PLLA solution containing sisal ﬁbres and stirred gently to
ensure homogeneous dispersion of BC in the ﬁbre–polymer solu-
tion. This mixture was then vacuum dried at room temperature
to remove any remaining solvent in order to create sisal ﬁbres–
BC–PLLA ‘‘pre-pregs’’.
2.4. Processing of hierarchical composites
The previously produced sisal ﬁbres–BC–PLLA ‘‘prepregs’’ were
injection moulded into ﬂexural test bars with sample dimensions
of 80 mm  12 mm  3.5 mm using a piston injection moulder
(Haake Minijet, Thermo Scientiﬁc, Hampshire, UK). Tensile test
specimens were injection moulded into dog bone shaped
matrix fibre BC coated 
fibre 
BC
Fig. 1. Schematic showing the different types of hierarchical composites. Left: conventional ﬁbre reinforced polymer composites, middle: BC coated ﬁbre reinforced
hierarchical composites and right: BC coated ﬁbre reinforced hierarchical nanocomposites. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
K.-Y. Lee et al. / Composites: Part A 43 (2012) 2065–2074 2067specimens, according to BS ISO 527:1996 type V. These dog bone
test specimens had an overall length of 60 mm, a gauge length of
10 mm, thickness of 3 mm and the narrowest part of the specimens
were 3 mm. The barrel temperature and the mould temperature
were held at 190 C and 70 C, respectively. Neat PLLA was injec-
tion moulded with an injection pressure and time of 400 bar and
30 s and a post-pressure and time of 200 bar and 30 s, respectively.
(BC coated) sisal ﬁbre reinforced PLLA was injected at a pressure of
500 bar for 30 s and held at a post-pressure of 200 bar for a further
30 s. Due to the increase in viscosity of the polymer melt when BC
was attached onto the surface of sisal ﬁbres and dispersed in the
PLLA matrix, the hierarchical composites with (BC coated) sisal
ﬁbre and BC dispersed in the matrix were injected at a pressure
of 600 bar for 30 s and held at a post-pressure of 200 bar for 30 s.
2.5. Characterisation of BC coated sisal ﬁbres and PLLA hierarchical
composites
2.5.1. Scanning electron microscopy (SEM)
SEM was conducted to characterise both the surface morphol-
ogy of neat and BC coated sisal ﬁbres and the fracture surfaces of
the hierarchical composites. SEM was performed using a high-res-
olution ﬁeld emission gun scanning electron microscope (LEO
Gemini 1525 FEG-SEM, Oberkochen, Germany). The accelerating
voltage used was 5 kV. Prior to SEM, all the samples were ﬁxed
onto SEM stubs using carbon tabs and coated with Cr for 1 min
(K550 sputter coater, Emitech Ltd., Ashford, Kent, UK) using a coat-
ing current of 75 mA.
2.5.2. Speciﬁc surface area (BET) measurements
Nitrogen adsorption/desorption isotherms were conducted to
determine the speciﬁc surface area of neat and BC coated sisal ﬁ-
bres. This measurement was performed using a surface area and
porosity analyser (TriStar 3000, Micromeretics Ltd., Dunstable,
UK). The speciﬁc surface area was calculated using the Brunauer-
Emmett-Teller (BET) equation. Prior to the measurement, the ﬁbres
were degassed at 80 C overnight to remove any adsorbed water
molecules.
2.5.3. Single ﬁbre tensile properties of neat and BC coated sisal ﬁbres
Single ﬁbre tensile tests were performed to investigate the ef-
fect of BC coating on the tensile properties of sisal ﬁbres. The test
was conducted at room temperature in accordance with ASTM
D3822-07, using a TST 350 tensile testing rig (Linkam Scientiﬁc
Instrument Ltd., Surrey, UK) equipped with 200 N load cell. The
gauge length and crosshead speed used were 20 and 1 mmmin1,
respectively. A single sisal ﬁbre was ﬁxed at either end of a testing
card using cyanoacrylate glue. At least 20 ﬁbres were tested for
each ﬁbre type to obtain a statistical average. The ﬁbre diameterof each sample was evaluated using an optical microscope
(Olympus BX 41M reﬂective microscope, Essex, UK) and the tensile
properties of the ﬁbres were calculated based on the assumption of
cylindrical ﬁbre geometry.
2.5.4. Mechanical properties of neat PLLA and hierarchical composites
Tensile and ﬂexural (3-point bending) properties of neat PLLA
and (BC coated) ﬁbre reinforced PLLA hierarchical (nano)compos-
ites were conducted in accordance with BS EN ISO 527:1997 and
BS EN ISO 178:2003, respectively. The tests were performed using
an Instron universal testing machine (Instron 4466, Instron Corpo-
ration, Massachusetts, USA) with a load cell of 10 kN at room tem-
perature and 50% relative humidity. The testing speeds used for
tensile and ﬂexural tests were 1 and 20 mmmin1, respectively.
A span of 55 mm (span to thickness ratio of 16) was used for the
ﬂexural tests. A total of 5 samples were tested for each type of
composite.
2.5.5. Differential scanning calorimetry (DSC) study of hierarchical
composites
The crystallisation and melt behaviour of (BC coated) ﬁbre rein-
forced PLLA hierarchical (nano)composites were investigated using
DSC (DSC Q2000, TA Instruments, West Sussex, UK) in a He atmo-
sphere. Approximately 20 mg of moulded sample was used for the
measurement. A heat-cool-heat regime was employed. The sample
was ﬁrst heated from room temperature to 210 C at a heating rate
of 10 C min1, then cooled to room temperature at a cooling rate
of 50 C min1. The sample was then re-heated to 210 C at a heat-
ing rate of 10 C min1. The crystallinity (based on 1st heating
curve to evaluate the crystallinity of the composites after thermal
processing) of the composites produced was calculated using the
equation:
vC ¼
DHm  DHc
ð1 f ÞDHom
 100% ð1Þ
where vC is the crystallinity of the composite, DHm, DHc, f and DHom
are the melting enthalpy and cold crystallisation enthalpy deter-
mined from DSC curves, weight fraction of the reinforcing phase
(20 wt.%) and the melting enthalpy of pure crystalline PLLA
(75.57 J g1) [30], respectively.
2.5.6. Dynamic mechanical analysis (DMA) of hierarchical composites
The viscoelastic behaviour of the composites was investigated
using DMA (Tritec 2000, Triton Technology Ltd., Keyworth, UK).
DMA was performed in single beam cantilever bending mode with
a gauge length of 10 mm. The sample had a thickness and width of
approximately 3 mm. The storage and energy dissipation factor
(tan d) were measured from 30 C to 100 C at a heating rate of
2 C min1 at a frequency of 1 Hz.
Fig. 2. Scanning electron micrographs showing (a) neat sisal ﬁbres, (b), densely BC coated sisal ﬁbres at low magniﬁcation, and (c) ‘‘hairy’’ BC coated sisal ﬁbres. The insets
show the ﬁbre morphology at high magniﬁcation, where BC network could still be observed.
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3.1. Morphology of the BC coated sisal ﬁbres
Fig. 2 shows the SEM images of neat sisal ﬁbres, densely BC
coated and ‘‘hairy’’ BC coated sisal ﬁbres. The morphology of den-
sely coated sisal ﬁbres with BC (Fig. 2b) resembles that of the BC
coated ﬁbres obtained by culturing Acetobacter in the presence of
sisal ﬁbres in a bioreactor [9]. It was also possible to obtain true
‘‘hairy’’ BC coated sisal ﬁbres by employing a different drying re-
gime (Fig. 2c). The loading fraction of BC on sisal ﬁbres was found
to be 10 ± 1 wt.%1. Natural ﬁbres when immersed into dispersions
of BC in water will absorb water into the ﬁbres, drawing in the
water and BC nanoﬁbrils from the medium. Since BC nanoﬁbrils
are larger than water molecules, they are not able to penetrate into
the sisal ﬁbres. Instead, they are ﬁltered against the surface sisal ﬁ-
bres, resulting in a BC coating of sisal ﬁbres. The fast drying rate of
the coated ﬁbres under vacuum resulted in the collapse of BC1 BC loading fraction was determined by measuring the mass of dry sisal ﬁbres
before and after immersion in BC dispersion in both DCNS and HNSF.nanoﬁbrils onto the surface of sisal ﬁbres (Fig. 2b). By pressing
the wet BC coated sisal ﬁbres between ﬁlter papers, the ﬁbres were
partially dried. It is hypothesised that during this process, the water
containing the BC nanoﬁbrils was drawn into the ﬁlter paper by
capillary action. The combination of capillary action with the slow
drying of the coated ﬁbres (which prevents the collapse of the
nanoﬁbrils) results in a BC coating in which BC nanoﬁbrils were ori-
ented perpendicular to the sisal surface (Fig. 2c). The morphology
resembles ‘‘hairy ﬁbres’’.3.2. BET surface area of BC coated sisal ﬁbres
The measured BET surface area of the neat and BC coated sisal
ﬁbres is given in Table 1. The speciﬁc BET surface area of neat sisal
ﬁbres is relatively small (0.1 m2 g1), which is in line with previ-
ously reported BET surface areas for natural ﬁbres [3]. In compar-
ison, the surface area of BC coated ﬁbres increased by as much as 8
times when compared to neat sisal ﬁbres. It is also interesting that
‘‘hairy ﬁbres’’ have a lower surface area than DCNS even though
both types of ﬁbres have a similar BC loading. This might be due
to the agglomeration of BC nanoﬁbrils on the ‘‘hairy sisal ﬁbres’’
Table 1
BET surface area, single ﬁbre tensile modulus and tensile strength of neat and BC coated sisal ﬁbres; dense layer and ‘‘hairy ﬁbres’’, respectively.
Sample BET surface area (m2 g1) Single ﬁbre tensile properties
Tensile modulus (GPa) Tensile strength (MPa)
Neat sisal ﬁbres 0.10 ± 0.01 24.1 ± 3.1 535 ± 69
DCNS ﬁbres 0.77 ± 0.03 12.5 ± 1.3 253 ± 27
HNSF ﬁbres 0.49 ± 0.03 22.9 ± 2.2 456 ± 50
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tion (see Fig. 2c) reduced the accessible area for nitrogen adsorp-
tion and, therefore, the observed reduced surface area. During
the wet pressing of the ﬁbres, the BC nanoﬁbrils are pressed onto
the ﬁbres surface using ﬁlter papers and this forces the BC nanoﬁ-
brils to agglomerate. On the other hand, the preparation of DCNS
involves drying the wet ﬁbres without restraining the BC nanoﬁ-
brils on the surface. This allows the nanoﬁbrils to collapse freely
onto the surface of sisal ﬁbres, which results in larger surface area.
Even so, the surface area of HNSF is ﬁve times larger than that of
neat sisal ﬁbres.
3.3. Tensile properties of neat and BC coated sisal ﬁbres
The single ﬁbre tensile properties of neat and BC coated sisal ﬁ-
bres are shown in Table 1. The tensile properties of neat sisal ﬁbres
reported here is in agreement with values obtained by other
researchers in the literature [3]. When sisal ﬁbres are coated with
a dense layer of BC (DCNS), the tensile modulus and tensile
strength of the ﬁbres decreased by 40% and 45%, respectively.
The tensile modulus of ‘‘hairy ﬁbres’’ (HNSF) remained unchanged
and the tensile strength reduced only by 10% (but is still within the
error of neat sisal ﬁbres). This suggests that the drying process has
an effect on the tensile properties of BC coated ﬁbres. When BC
nanoﬁbril networks are wet pressed and dried under restraint
without shrinkage, the ﬂexibility of the ﬁbre network will be re-
moved and this will increase the load bearing capability of the
BC network [31]. Indeed, when BC nanoﬁbrils were wet pressed
and dried effectively under restraint, a modulus of 9.7 GPa was
achieved [22]. However, a modulus of only 1.4 GPa was measured
when BC nanoﬁbrils were dried freely, allowing the nanoﬁbril net-
work to shrink2. The procedure resulting in a dense coating layer of
BC on sisal ﬁbres (DCNS) does not restrain the BC nanoﬁbril network
during the drying process. This resulted in the poor tensile proper-
ties of the ﬁbres as the force at break stayed constant due to the fact
that the BC network does not carry much load but the ﬁbre diameter
increased due to the BC coating. ‘‘Hairy’’ neat sisal ﬁbres (HNSF), on
the other hand, were partially dried whilst being restrained during
wet pressing. This action removes the slackness of the BC network
on the sisal ﬁbres and both the sisal ﬁbres and BC network carry
the load. Therefore, their tensile properties did not change signiﬁ-
cantly when compared to neat sisal ﬁbres even though the same
increase in ﬁbre diameter was observed.
3.4. Mechanical properties of neat PLLA and its hierarchical composites
In order to investigate the effect of BC coating on the mechani-
cal properties of (BC coated) sisal ﬁbre reinforced PLLA hierarchical
(nano)composites, tensile and ﬂexural tests were conducted. From
the results summarised in Table 2, it can be seen that with (BC
coated) sisal ﬁbres as reinforcement, the tensile moduli for all sam-
ples increased. The increase in the tensile modulus of the hierarchi-2 Such BC sheets were made by allowing the BC nanoﬁbrils to dry freely without
restrain before dry pressing. This was done by placing a wet ﬁlter cake of BC in a hot
press to evaporate all the water at 110 C ﬁrst before dry-pressing of the BC sheet.cal composites was enhanced when BC was additionally dispersed
in the matrix (PLLA-sisal-BC, PLLA-DCNS-BC and PLLA-HNSF-BC).
This is thought to be due to the stiffening of the matrix by BC. It
has been shown that a PLLA matrix can be stiffened by as much
as 40% if BC is dispersed in the matrix at a loading fraction of
5 wt.% [29]. With BC dispersed in the matrix and attached to the
ﬁbres, both the matrix and the ﬁbre–matrix interface could be
reinforced (or stiffened). This led to the observed improvements
in tensile modulus of DCNS-BC-PLLA by as much as 72% when com-
pared to neat PLLA and 30% in comparison to PLLA–sisal hierarchi-
cal composites.
The tensile strength of the hierarchical composites showed a
slightly different trend compared to tensile modulus. A decrease
in tensile strength was observed when PLLA is reinforced with
(BC coated) sisal ﬁbres, with no BC dispersed in the matrix. Such
a result could possibly be due to (i) the poor transverse properties
of ﬁbres or (ii) poor ﬁbre–matrix interface. The poor tensile
strength of PLLA–sisal could be attributed to the latter whilst that
of PLLA–DCNS and PLLA–HNSF could be attributed to the former
(see Section 3.5 for more details). When the hierarchical compos-
ites were reinforced with BC in the PLLA matrix (PLLA-HNSF-BC)
the tensile strength improved by as much as 11% when compared
to neat PLLA and 21% when compared to PLLA-DCNS. This could be
due to enhanced interfacial adhesion between BC coated ﬁbres and
BC reinforced PLLA matrix. With BC dispersed in the matrix, the
matrix is stiffened. In addition to this, the volume fraction in-
creased from 1.7 vol% to 5.5 vol% by dispersing BC in the matrix.
This resulted in the percolation of the BC nanoﬁbrils within the
composites, which is thought to improve the tensile strength of
PLLA-DCNS-BC and PLLA-HNSF-BC [40]. The characteristic load dis-
placement curves of neat PLLA and its hierarchical composites
(Fig. 3) showed that with BC dispersed in the matrix, the compos-
ites became more brittle. This is thought to be due to the lack of
ﬁbre pull-out as the ﬁbre–matrix interface is enhanced [32].
Flexural modulus increased with ﬁbre/BC reinforcement, as
shown in Table 2. The ﬂexural modulus of the hierarchical compos-
ites with BC dispersed in the matrix (PLLA-DCNS-BC) improved by
as much as 67% when compared to neat PLLA and 40% when com-
pared to hierarchical composites without BC dispersed in the ma-
trix. As aforementioned, this is due to a matrix stiffening effect
induced by nano-sized reinforcement in PLLA matrix. The ﬂexural
strength of all the composites increased when compared to neat
PLLA. An increase in ﬂexural strength by as much as 23% was ob-
served. It seems, however, that the BC coating on sisal ﬁbres and/
or in the matrix has no effect on the overall ﬂexural strength of
the composites. Due to the low ﬁbre volume fraction of these com-
posites, individual ﬁbre failure is isolated and, therefore, micro-
buckle bands and kinkbands do not form [33]. It is proposed that
the observed relatively constant ﬂexural strength of the ﬁbre-rein-
forced composites is a result of poor shear and transverse proper-
ties of sisal ﬁbres [20,34].
3.5. Fractography of hierarchical composites
A typical example of a fracture surface of the composites failed
in tension is given in Fig. 4. When PLLA is reinforced by sisal ﬁbres,
Table 2
Summary of mechanical properties of neat PLLA and its composites. ET, rT, e, Wc, EF, rF indicate tensile modulus, tensile strength, engineering elongation at break, engineering
work of fracture, ﬂexural modulus and ﬂexural strength, respectively.
Sample ET (GPa) rT (MPa) e (%) Wc (MJ m3) EF (GPa) rF (MPa)
Neat PLLA 0.97 ± 0.02 62.6 ± 1.0 7.2 ± 0.7 2.7 ± 0.6 3.70 ± 0.04 86.1 ± 6.9
PLLA–sisal 1.28 ± 0.03 58.7 ± 1.0 6.5 ± 0.4 2.4 ± 0.2 4.85 ± 0.10 105.6 ± 1.5
PLLA–DCNS 1.35 ± 0.03 57.3 ± 1.3 5.2 ± 0.2 2.1 ± 0.5 5.19 ± 0.07 99.2 ± 2.8
PLLA–HNSF 1.29 ± 0.03 57.8 ± 1.6 5.7 ± 0.3 1.9 ± 0.2 4.96 ± 0.16 102.0 ± 2.5
PLLA–sisal–BC 1.46 ± 0.02 60.9 ± 1.9 4.8 ± 0.4 1.6 ± 0.3 5.74 ± 0.05 100.0 ± 2.2
PLLA–DCNS–BC 1.63 ± 0.04 67.8 ± 1.2 4.9 ± 0.2 1.8 ± 0.2 6.19 ± 0.08 95.5 ± 2.3
PLLA–HNSF–BC 1.59 ± 0.05 69.2 ± 1.2 5.1 ± 0.3 1.9 ± 0.2 5.77 ± 0.13 96.8 ± 2.0
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Fig. 3. Characteristic tensile stress strain curves of neat PLLA and its hierarchical
composites.
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(Fig. 4b). This is a direct result of poor interfacial adhesion between
ﬁbre and matrix, which results in poor stress transfer. We attribute
the poor tensile strength of PLLA–sisal to this when compared to
neat PLLA. When sisal ﬁbres are coated with BC, the ﬁbre–matrix
adhesion improved as no ﬁbre debonding was observed (Fig. 4c–
f). Single ﬁbre pull out tests performed on BC–coated sisal made
by the aforementioned in situ culturing method [9] showed the
interfacial adhesion between BC coated ﬁbres and PLLA was indeed
enhanced. This can be attributed to the enhanced mechanical
interlock as a result of BC coating and the increased surface energy
of BC coated ﬁbres [9], which enhances wetting by polymers. In the
case of PLLA–DCNS and PLLA–HNSF, no ﬁbre debonding was ob-
served but the tensile strengths decreased when compared to neat
PLLA. Failure of short-ﬁbre composites can be classiﬁed into two
types; T-ﬁbre fracture (crack plane oriented transverse to ﬁbre ori-
entation – high fracture energy) and L-ﬁbre fracture (crack plane
oriented parallel to ﬁbre orientation – low fracture energy) [33].
In general, short-ﬁbre composites exhibit a combination of failures
and fracture occurs along the weakest part of a composite. The
overall fracture surface of PLLA–DCNS and PLLA–HNSF exhibitedL-ﬁbre fractured surface as the dominant mechanism. This ex-
plained the poor tensile strengths of these composites even though
the ﬁbre–matrix interface is enhanced through mechanical inter-
lock. Through this mechanical interlock enhancement, the weakest
region in the composite is no longer the ﬁbre–matrix interface but
the bulk of the polymer. This resulted in L-ﬁbre fractured surface as
the dominant failure mechanism. However, when BC is dispersed
in the ﬁbre reinforced PLLA composites, the overall fracture surface
and hence, fracture mechanism, was modiﬁed. No signiﬁcant ﬁbre
debonding or ﬁbre pull-out can be observed in PLLA-sisal-BC,
PLLA-DCNS-BC and PLLA-HNSF-BC composites in Fig. 4g–l. This is
accompanied by the improved mechanical properties (both tensile
strength and modulus) of hierarchical composites when compared
to neat PLLA.3.6. Crystallisation and behaviour of the hierarchical composites
The thermal behaviour of the composites was characterised by
DSC and their characteristic temperatures such as glass transition
temperatures (Tg), crystallisation temperatures (Tc) and melt
temperature (Tm) of the ﬁrst and second heating are tabulated
in Table 3. The Tg of PLLA in the composites was slightly lower
when compared to neat PLLA. This might be due to the plasticis-
ing effect of natural waxes leaching from the sisal ﬁbres in PLLA
[35]. The presence of wax will act to aid the polymer chain’s
mobility, in turn lowering the Tg. The percentage of wax in sisal
ﬁbres was estimated to be approximately 2 wt.% [3]. There are
also no signiﬁcant changes in Tm of the composites but the crys-
tallisation behaviour of the composites changed signiﬁcantly
compared to neat PLLA. A lowering of Tc can be observed in com-
posites reinforced with sisal ﬁbres. Cellulosic ﬁbres are known to
act as nucleation sites for PLLA crystallisation [36]. With BC coat-
ing on sisal ﬁbres, Tc was lowered even further from 100 C to
90 C. BET measurements showed an increase in the surface area
of coated ﬁbres. This led to more nucleation sites for PLLA crys-
tallisation and, therefore, the further decrease of Tc. It should also
be noted that there are no Tg or Tc observed in the second heat-
ing of the hierarchical composites with a BC reinforced matrix.
This might be due to the fact that during the ﬁrst cooling step,
cold crystallisation occurred even at a high cooling rate of
50 C min1. This implies that the high interface area of BC and
PLLA enhanced the crystallisation of PLLA even more when com-
pared to the case where BC was not dispersed in the matrix. A
similar observation was also found by Lee et al. [29] when PLLA
is reinforced by BC. However, crystallinity of the composites did
not seem to be affected with the addition of sisal ﬁbres and/or
BC. This could be due to the fast cooling rate during the produc-
tion of the composites. An exotherm was observed around 150 C
(results not shown). This is consistent with the solid–solid crystal
transformation of the a0 form to the a form of PLLA [37]. Such an
exotherm was not observed in neat PLLA as the a0 form is only
crystallised below 100 C, this was the case for all the composites
tested, with neat PLLA being the exception [38].
Fig. 4. Fractured surface of ﬁbre reinforced hierarchical composites at ﬁbre–matrix interface and overall fractured surface. (a and b) are PLLA–sisal, (c and d) are PLLA–DCNS,
(e and f) are PLLA–HNSF, (g and h) are PLLA–sisal–BC, (i and j) are PLLA–DCNS–BC and (k and l) are PLLA–HNSF–BC, respectively. (a), (c), (e), (g), (i) and (k) are at higher
magniﬁcation. (b), (d), (f), (h), (j) and (l) are at lower magniﬁcation.
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The viscoelastic properties of neat PLLA and (BC coated) PLLA
hierarchical (nano)composites as a function of temperature are
shown in Fig. 5. The storage moduli of the hierarchical compos-ites are markedly higher than that of neat PLLA. These results
corroborate with the tensile and ﬂexural moduli, which indicate
that the (BC coated) sisal ﬁbres have a strong inﬂuence on the
viscoelastic properties of the resulting (nano)composites. The
storage moduli stayed relatively constant until Tg, when a sharp
Fig. 4 (continued)
Table 4
Mechanical Tg (taken as the peak of tan d), storage moduli (E’) and improvements in
storage moduli of the hierarchical composites.
Sample Mechanical
Tg (C)
E0 @ 30 C
(GPa)
Improvements in E’ over
neat PLLA (%)
PLLA 73 1.57 
PLLA–sisal 69 2.07 32
PLLA–DCNS 68 2.52 61
PLLA–HNSF 66 2.52 61
PLLA–sisal–BC 63 2.49 59
PLLA–DCNS–BC 69 2.39 52
PLLA–HNSF–BC 61 2.64 69
2072 K.-Y. Lee et al. / Composites: Part A 43 (2012) 2065–2074decrease can be seen. This corresponds to the softening of the
polymer. It can also be seen from Table 4 that by coating the
surface of sisal ﬁbres with BC or with BC dispersed in the poly-
mer matrix that the storage modulus improved in comparison
to neat PLLA (by at least 52%) or neat sisal reinforced PLLA com-
posites (by at least 15%). The former is due to the enhanced
ﬁbre–matrix interface as a result of BC coating and the latter
is thought to be due to the inclusion of rigid BC into the matrix
[29]. PLLA-DCNS-BC showed the lowest E’ increment among all
the samples with BC dispersed in the matrix. This might be a
result of poor DCNS ﬁbre properties compared to neat sisal or
HNSF ﬁbres (see Table 1). Different viscoelastic behaviour be-
tween composites with and without BC dispersed in the matrix
(Fig. 5a and b) can also be observed beyond the mechanical Tg
of the hierarchical composites. Crystallisation of the matrixTable 3
Crystallisation and melt behaviour of neat PLLA and its ﬁbre/BC reinforced hierar-
chical composites. Tg, Tc, Tm and vC are glass transition temperature, crystallisation
temperature, melt temperature and crystallinity of the composites based on the 1st
heating curve, respectively.
Sample Heating Tg (C) Tc (C) Tm (C) vC (%)
PLLA 1st 63 113 171 18 ± 2
2nd 61 110 169
PLLA–sisal 1st 57 100 168 21 ± 3
2nd 59 103 168
PLLA–DCNS 1st 57 88 168 20 ± 3
2nd 62 93 169
PLLA–HNSF 1st 57 94 166 18 ± 2
2nd 57 94 166
PLLA–sisal–BC 1st 55 83 165 23 ± 4
2nd – – 168
PLLA–DCNS–BC 1st 56 85 163 18 ± 3
2nd – – 166
PLLA–HNSF–BC 1st 54 81 165 24 ± 4
2nd – – 167occurred at lower temperatures when BC was dispersed in the
matrix. This led to the observed higher storage moduli above
its Tg compared to hierarchical composites with no BC dispersed
in the matrix.
The tan d for the composites as a function of temperature is
shown in Fig. 5c and d. Tan d, a measure of the damping proper-
ties of the material, is also determined by the quality of ﬁbre–
matrix adhesion [39]. Large tan d amplitude indicates a weak
composite interface whereas small tan d amplitude indicates a
stronger interface. The amplitude of tan d is lower for BC coated
sisal ﬁbre reinforced PLLA and composites with BC dispersed in
the matrix. This implies that the ﬁbre–matrix interface of these
composites is improved with BC coating/dispersion. Table 4
shows the mechanical Tg (taken as the peak of tan d) and
improvements in storage moduli as a result of BC and ﬁbre rein-
forcement. The mechanical Tg of PLLA was determined to be
73 C and decreased with ﬁbre reinforcement. This result also
corroborates the DSC results, showing a reduction in Tg. As afore-
mentioned, this is a result of the plasticising effect from the
waxes present on neat sisal ﬁbres dissolving into PLLA. Nonethe-
less, DMA results show an improved ﬁbre–matrix interface as a
result of BC coating/dispersion.
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Fig. 5. Graphs showing the temperature dependency of storage moduli and tan d of neat PLLA and its hierarchical composites.
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Randomly oriented bacterial cellulose coated short sisal ﬁbre
reinforced PLLA hierarchical composites with improved properties
over neat PLLA were produced. A novel method based on slurry
dipping to coat sisal ﬁbres with nano-sized BC was developed as
an alternative method to modify the surface of natural ﬁbres. This
method was also extended to produce either a dense BC coating
layer on the surface of sisal ﬁbres or BC coated hairy ﬁbres, in
which the BC is oriented perpendicular to the surface of the ﬁbres.
BET surface area measurements showed an increase in surface area
of the ﬁbres by as much as 800% when compared to neat sisal
ﬁbres. The use of BC coated sisal ﬁbres in PLLA matrix showed an
improvement in tensile modulus of nearly 40% but their tensile
strengths decreased by as much as 10%. Not only was the ﬁbre–
matrix interface enhanced through the presence of the BC coating
on sisal ﬁbres, but also the fracture mechanism of the composites
was modiﬁed; the fracture mechanism switched from a high frac-
ture energy (T-ﬁbre fracture) to a low fracture energy (L-ﬁbre frac-
ture) mechanism and hence resulted in decrease of the tensile
strength of PLLA reinforced with BC coated ﬁbres. When the BC
coated ﬁbre reinforced composites were further reinforced with
BC by dispersing BC in the matrix, the tensile modulus and
strength improved even more when compared to neat PLLA by as
much as 72% and 11%, respectively. This is attributed to the en-
hanced ﬁbre–matrix interface and stiffening of PLLA due to the
incorporation of BC into the matrix. The ﬂexural modulus of the
hierarchical composites improved by as much as 67% and their
ﬂexural strength increased by 23% when compared to neat PLLA.
DMA conﬁrmed the increased storage moduli when compared to
neat PLLA and also suggests an enhanced ﬁbre–matrix interface(a reduction in the height of tan d). These new types of short ﬁbre
composites offer a promising alternative to the industry as no
chemical modiﬁcations or plasma treatments are required to
produce biodegradable composites with improved properties.
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